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Relating groundwater to seasonal wetlands in southeastern
Wisconsin, USA
John D. Skalbeck & Donald M. Reed & Randall J. Hunt &
Jamie D. Lambert
Abstract Historically, drier types of wetlands have been
difﬁcult to characterize and are not well researched.
Nonetheless, they are considered to reﬂect the precipitation history with little, if any, regard for possible relation
to groundwater. Two seasonal coastal wetland types (wet
prairie, sedge meadow) were investigated during three
growing seasons at three sites in the Lake Michigan Basin,
Wisconsin, USA. The six seasonal wetlands were characterized using standard soil and vegetation techniques and
groundwater measurements from the shallow and deep
systems. They all met wetland hydrology criteria (e.g.,
water within 30 cm of land surface for 5% of the growing
season) during the early portion of the growing season
despite the lack of appreciable regional groundwater
discharge into the wetland root zones. Although root-zone
duration analyses did not ﬁt a lognormal distribution
previously noted in groundwater-dominated wetlands,
they were able to discriminate between the plant communities and showed that wet prairie communities had
shorter durations of continuous soil saturation than sedge
meadow communities. These results demonstrate that the
relative rates of groundwater outﬂows can be important
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for wetland hydrology and resulting wetland type. Thus,
regional stresses to the shallow groundwater system such
as pumping or low Great Lake levels can be expected to
affect even drier wetland types.
Keywords Groundwater/surface-water relations .
Groundwater monitoring . General hydrogeology

Introduction
Wetland issues have become increasingly prominent as the
effects of large-scale wetland losses are assessed. It has
been estimated that 53% of the wetlands of the conterminous United States have been lost since European
settlement began in the 1700s (Mitsch and Gosselink
2000). The effects of wetland losses and recognition of
their societal value has led to the adoption of laws that
attempt to protect wetlands (National Cooperative Highway Research Program 1996). In some states within the
Great Lakes Basin, the estimated wetland losses can be as
high as 80 to 90% (Mitsch and Gosselink 2000). In
recognition of the importance of this loss, appropriate
identiﬁcation, delineation, and management of remaining
wetlands within the United States are needed to assess the
effectiveness of wetland protection plans. However, our
understanding of the fundamental components of wetlands
(i.e., hydrology, soils, vegetation, and topography), and
their interaction with each other, is often not sufﬁcient to
meet this goal (Hunt 1996; Hunt et al. 1998, 1999),
especially for wetlands that are only seasonally wet.
Hydrology is recognized as a primary inﬂuence on
wetland development (Carter 1986; Erwin 1989; Mitsch
and Gosselink 2000). Understanding hydrology is critical
for quantifying wetland functions and processes (Good et
al. 1978; Greeson et al. 1979; and Ivanov 1981; Hunt et
al. 1997). The scientiﬁc literature associated with inland
freshwater wetlands (the type most prevalent in Great
Lakes coastal zone) is less extensive than other wetland
types in the United States such as salt marsh wetland
systems. Moreover, at certain times of the growing season,
drier members of this category (i.e. wet prairies and sedge
meadows) may be difﬁcult to identify and delineate as
wetlands. Indeed, these drier/seasonal wetlands are speciﬁcally singled out as wetland types deserving special
DOI 10.1007/s10040-008-0345-7
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consideration in the 1987 Corps of Engineers Wetland
Delineation Manual (USACE 1987). Due to the relatively
easy access during dry times of the year, many of these
wetland types are converted to non-wetland related uses.
As a result, areally extensive examples of these drier
wetland types have become rare, both within and outside
of the Great Lakes Basin. As a result of these factors, a
substantial body of previous work does not exist and our
understanding has primarily been restricted to extrapolation from other ecosystems or wetland types.
From a regulatory perspective, identiﬁcation and
delineation of these “seasonal” wetlands that are dry
during much of the growing season is hampered by the
accepted practice of short term assessments based upon
one or two relatively brief site visits (often conducted
during dry periods of the growing season) and by the
difﬁculty in identifying wetland hydrologic indicators
during dry conditions. Indeed, it is not uncommon for
shallow water table wells used to characterize wetland
hydrology to go dry during the middle and late growing
season. Further, groundwater-fed wetlands often receive a
portion of their source water from the watershed outside
the wetland boundary delineation line; therefore, an
understanding of the contributing sources of water to the
wetland community is needed to truly protect the wetland
system. Occasional site visits during dry periods of the
growing season may make it difﬁcult to elucidate these
wetland-watershed connections. Moreover, areas in the
Great Lakes Basin that have the appropriate climate
conditions for these drier seasonal wetland systems (more
southern Great Lakes watersheds) are among the most
heavily developed areas of the basin. Increased knowledge
of these communities will help in assessing the effects of
the wetland loss and will help identify the areas important
for preserving the remnant communities.
The objective of this study is to characterize two
seasonal wetland types (wet prairie and sedge meadows,
USACE 1987), and relate how a longer-term, more
encompassing, characterization of the hydrology relates to
the more time-integrated measures of soil and plant
properties. In addition to standard wetland delineation
metrics, detailed groundwater measurements were used to
elucidate the interaction of groundwater with the wetlands,
and evaluate how standard water-table metrics used in
wetter conditions perform for drier wetland types. This
combination of standard and more sophisticated methods
allows evaluation of relations between the wetland
characteristics and: (1) sources of water and landscape
position; and (2) common statistics for reporting wetland
hydrology. Results from this study are transferable to
similar drier freshwater wetlands in and out of the coastal
zone.

Site description
The study area is located along Lake Michigan in
southeastern Kenosha County, Wisconsin (WI), within
the Carol Beach/Chiwaukee Prairie area of the village of
Hydrogeology Journal (2009) 17: 215–228

Pleasant Prairie (Fig. 1). This area is an approximately
740-ha beach ridge and swale complex consisting of
beach dune, oak savanna, dry to wet prairie, southern
sedge meadow, shallow marsh, calcareous and prairie
fens, and shrub carr, with minor stands of lowland
hardwoods. The surface soils are largely composed of
the Granby ﬁne sandy loams and the Boyer loamy sands
(Link and Demo 1970). Single-family residential and
related land uses occupy nearly all of the oak savanna,
most of the fore-dune area, and the beach ridges in
selected portions of the study area. The study area lies
entirely within the Great Lakes Basin, with tributary
creeks (Barnes Creek and Tobin Creek) discharging
directly to Lake Michigan. The surface water subcontinental divide is approximately 5 km west of the study
area, where surface water runoff discharges to the Des
Plaines River and its tributaries.

Geologic setting
The presence of coastal wetlands within the study area is
linked to the Zion beach-ridge plain, an elongated
landform extending along Lake Michigan for nearly
29 km between Kenosha, Wisconsin, and North Chicago,
Illinois (Chrzastowski 2001). Beach-ridge plains are
composed of linear ridges of mostly coarse-grained
sediment deposited by storm waves along the upper part
of the beach and are laterally continuous for great
distances along the shore. The ridges provide an approximation of former shorelines. As the lake level ﬂuctuates,
new ridges form approximately parallel to earlier sets
enclosing low-lying swales where organic-rich and more
ﬁne-grained material accumulates, creating possible sites
for wetlands. The beach-ridge plain “washboard” topography is most pronounced south of Zion, Illinois, and is
more subtle in the study area where elevation differences
between ridge and swale are generally less than 1 m. The
northern extent of the Zion beach-ridge plain deposits is
approximately coincident with the northern portion of the
study area. Well logs from this study indicate that deposits
in the northern portion of the study area (location 3) are
less sandy than the southern area (location 1). Formation
of the Zion beach-ridge plain began around 5,500 BP
during the Nipissing Phase of Proglacial Lake Chicago
(Chrzastowski 2001).
The beach-ridge plain is generally about 0.8 km wide
in the study area and is bounded to the west by N–S
trending bluffs consisting of clayey till of the Lake Border
Moraine (Schneider 1983) that marks the farthest inland
advance of Lake Michigan. The Chicago and North
Western railroad line follows the crest of the bluff
(Fig. 1). West of the bluff the topography assumes the
hummocky relief typical of glacial moraine deposits. State
of Wisconsin Department of Natural Resource well logs
indicate the tills are approximately 15 m thick and
underlain by Silurian dolomite. The beach deposits and
moraine deposits constitute an unconﬁned aquifer in
which groundwater ﬂow is controlled largely by the stage
of surface water features. Regional groundwater ﬂows
DOI 10.1007/s10040-008-0345-7
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Fig. 1 Schematic site map showing the three study locations. General locations are indicated for the water-table wells (MW1-S, MW1-P,
MW2-S, MW2-P, MW3-S, MW3-P) and deep piezometers (PZ1-S, PZ2-P, PZ3-S) where S indicates sedge meadow site and P indicates wet
prairie site

from the upland moraine areas toward Lake Michigan and
toward creeks that occupy V-shaped ravines incised into
the glacial sediments. These ravines were likely cut
10,000–5,500 years ago when lake levels were around
100 m lower than today (Chrzastowski 2001).
Annual precipitation within the study area averages
approximately 110 cm annually based on the 1971–2000
Climate Analysis for Wetlands (WETS) data for Kenosha,
WI (NRCS 2007). Most of the precipitation on the
moraine is returned to the atmosphere by evapotranspiration or, secondarily, becomes surface runoff to local
streams. Studies in southeastern Wisconsin suggest that
only 10% or less of precipitation inﬁltrates to the water
table in areas of clay-rich till along Lake Michigan
(Cherkauer 2004); however, a higher percentage inﬁltrates
in sandy areas such as beach-ridge plains (SEWRPC
2004).
Hydrogeology Journal (2009) 17: 215–228

Precipitation and lake level
Because the study wetlands are dependent on precipitation
and are part of a groundwater system that is connected to
adjacent Lake Michigan, these factors were considered in
the analysis. The results from this study document coastal
wetland conditions during the drier than normal 2003 and
2005 growing seasons and the wetter than normal 2004
growing season. Precipitation conditions were evaluated
by comparing local data during the 2003–2005 study
period with historical data recorded from 1971–2000
(Fig. 2) using a standard WETS analysis (NRCS 1995).
Local data are from the City of Kenosha Southport Park
Wastewater Treatment Plant, which is located approximately 0.5 km north of location 3 (Fig. 1). Monthly
precipitation was evaluated using the 30th and 70th
percentiles obtained from the WETS table for Kenosha
(station WI4174) available from the US Department of
DOI 10.1007/s10040-008-0345-7
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Fig. 2 Summary of WETS analysis for the study period. Bars
indicate monthly precipitation from the City of Kenosha Southport
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The six wetland sites were characterized using standard
wetland delineation techniques and protocols described in
the regulatory manual and guidance for the United States
(USACE 1987). The sites were sampled for vegetation on
three occasions (28 July 2003; 8 October 2003; 17 and 25
June 2004) during the growing season to record plant species
and their percent-cover values. Each site was sampled
randomly by estimating percent cover within three 1-m2
quadrats. Thus, a total of 18 quadrats (9 wet prairie and 9
sedge meadow quadrats) were sampled. At each site, corner
points were established 5 m directly north, east, and south
of each well. For the north and east quadrats, the corner
point was considered to be the southwest corner of a 1-m2
quadrat. At the south quadrat, the corner point was
considered to be the northwest corner. At each sample
point, meter sticks aligned in the cardinal directions were
used to layout the quadrat. If the resulting quadrat fell
outside of the desired vegetation type, the length and/or the
direction to the quadrat was modiﬁed accordingly. Cover
values were recorded for all vascular plants to the species
level within each quadrat on the three sampling occasions.
Threatened and endangered species were also noted. For
those plants unidentiﬁed in the ﬁeld, specimens were
collected for later identiﬁcation in the laboratory. On each
date, percent cover for each species in each plant
community type at each well was calculated as the average
cover for the three quadrats. The ﬁnal percent cover was
the mean of the three seasonal values. Tabular summaries
of the species composition of each site were prepared and
sites were analyzed by the Bray-Curtis ordination (Bray
and Curtis 1957) using PC-ORD software package
(McCune and Meford 1995). Two sites are chosen as
endpoints for each axis and all the other sites are ordinated
relative to these endpoints, based upon their species composition and cover value similarities. So, the more similar stands
will group closer together. In addition, the hydrophytic
indicator status was applied to each species recorded.
Soil samples were collected randomly at each of the six
sites on 23 June 2004, and characterized with the assistance
DOI 10.1007/s10040-008-0345-7
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of a soil scientist from the USDA, Natural Resources
Conservation Service (NRCS). Soil samples were collected
using a narrow spade to depths of 63 cm below soil surface.
Soil texture class, Munsell color (MacBeth Division of
Kollmorgen Instruments Corporation 2000), and thickness
were documented for each soil horizon. Field indicators of
hydric soils were identiﬁed based on the NRCS national list
of ﬁeld indicators (NRCS 2007).
Given the emphasis on wetland hydrology in this work,
hydrologic characterization performed at the sites was
more extensive than is typical for wetland delineation. Six
water-table wells (designated MW) and three deeper
piezometers (designated PZ) were installed at three
locations in the study area (Fig. 1) between 23 and 25
April 2003 by means of hydraulic push equipment. A
water-table well (long screen intersecting the uppermost
groundwater) was installed at each of the six plant
community sites—sedge (S) and prairie (P) sites at the
three locations. A piezometer (short screen well completed
below the water table) was installed at one site in each
location within 3 m of the water-table well (Table 1).
Wells and piezometers consist of 2.54 cm diameter PVC

riser/casing and stainless steel screen. Figure 4 shows the
geologic logs from cores collected during well and
piezometer installation along with the screen intervals at
each location. Well and piezometer locations and tops of
casing and land surface elevations were determined using
GPS survey equipment.
The growing season has been deﬁned as the portion of
year when soil temperatures at 50 cm below the soil
surface are higher than biological zero (5°C; US Department of Agriculture 1985). This can be approximated by
the number of frost-free days based on average temperatures from 5 of 10 years (US Department of Interior
1970). The growing seasons of 2003 and 2004 for eastern
Kenosha County are from 14 April to 2 November
(202 days). The ﬁrst 10 days of the 2003 growing season
were not recorded because measurement of water levels
started on 24 April 2003; however, water levels for the
entire 2004 and 2005 growing seasons were recorded.
Water level measurements were made in the six watertable wells and three piezometers from 24 April 2003, to 3
November 2005. Each water-table well was equipped with
an unvented pressure transducer and integrated data logger

Table 1 Well and piezometer installation details
Well/piezometer
identiﬁcation

Riser height
above grade (m)

Total well
length (m)

Top of casing
elevation (m amsl)

Land surface
elevation (m amsl)

Pressure transducer
sensor depth (m bg)

Well bottom
depth (m bg)

MW1-S
MW1-P
PZ1-S
MW2-S
MW2-P
PZ2-P
MW3-S
MW3-P
PZ3-S

0.77
0.81
0.88
0.85
0.77
0.70
0.74
0.75
0.87

1.90
1.89
4.37
1.92
1.93
3.31
1.65
1.97
4.42

180.04
179.84
180.12
181.25
181.53
181.48
181.73
181.64
181.64

179.27
179.03
179.24
180.40
180.76
180.78
180.99
180.89
180.77

0.95
1.00
NA
0.92
1.01
NA
0.85
1.15
NA

1.13
1.08
3.49
1.07
1.16
2.61
0.91
1.22
3.55

Notes
m meters; m amsl meters above mean sea level (North American datum of 1929); m bg meters below grade; NA not applicable, no
transducer installed, water levels measured manually
Hydrogeology Journal (2009) 17: 215–228
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Fig. 4 Schematic cross-sectional representation of the water-table well and deep piezometer screen intervals and depths along with the
geologic logs from soil cores obtained during installation

that recorded water pressure and temperature at 30-min
intervals. When using unvented pressure transducers, the
total water pressure measured in each well represents
the sum of the barometric pressure and pressure from the
height of water above the pressure transducer sensor. Thus,
a barometric pressure transducer was installed above the
water table in the casing of well MW2-P to correct the
unvented pressure transducer data for barometric pressure
ﬂuctuations and was set to record barometric pressure and
air temperature at 30-min intervals. Water elevation in each
well was calculated to the nearest 0.3 cm by subtracting the
barometric pressure from the total water pressure and
adding the resulting height of water above the sensor to the
sensor depth; depth to water was calculated by subtracting
the water elevation from the ground surface elevation at
each well (see Table 1). Hand measurements of depth to
water were collected approximately weekly and recorded
to 0.3 cm from water-table wells and piezometers during
the growing season using an electronic sounder and/or
steel tape. During the non-growing season, depth-to-water
measurements were collected approximately monthly.
Depth-to-water below grade (land surface) was calculated
by subtracting the difference between the top-of-casing
and land surface elevations (same as riser height above
grade) from the depth-to-water measurement.
Periods of continuous root zone residence times were
determined for each of the six water-table wells and each
growing season using the method of Hunt et al. (1999);
for clarity the standard normal deviate has been converted
to cumulative probability for plotting. Continuous lognormal distributions were ﬁt to the residence time data. The
7- and 10-day high water level average statistics of
Henszey et al. (2004) were calculated for each water-table
Hydrogeology Journal (2009) 17: 215–228

well and each growing season to provide another
comparison between sites. A simple moving average was
used, of the individual water levels for the previous
number (n–1) of days rather than averaging the mean daily
water level.

Results and discussion
Vegetation results
A total of 66 species were recorded at the 3 wet prairie
sites and 74 species were documented at the 3 sedge
meadow sites. The percent cover results and hydrophytic
indicator status for each of the species at these six sites are
provided in a report by the Southeastern Wisconsin
Regional Planning Commission (SEWRPC 2004). The
major dominant plant species and associated percent cover
for each wetland site (Table 2) were determined using the
50/20 rule (USACE 1987). Eight species were determined
to be major dominants at the three wet prairie and the
three sedge meadow sites. Each of these species, with the
exceptions of Andropogon gerardii (FAC–, see Table 2
notes) at wet prairie site 1 and sedge meadow site 1, and
Potentilla simplex (FACU–) at sedge meadow site 3, is
considered a hydrophyte. Subsequently, these six seasonal
wetlands were dominated by hydrophytic vegetation based
upon percent cover values and each site exhibited a
positive FAC-neutral test, which may be used as a
secondary hydrologic indicator.
The results of a Bray-Curtis ordination of the 18
sample site quadrats (Fig. 5) show that the sedge meadow
quadrats cluster together fairly well because of their
similar vegetative composition with higher percent cover
DOI 10.1007/s10040-008-0345-7
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Table 2 Major dominant plant species
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Wet prairie site 3
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status
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Cover
(%)
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Fig. 5 Plot showing results of Bray-Curtis ordination of the 18
sample quadrats sampled for vegetative cover. The ﬁrst two label
digits indicate the sedge meadow sites (1S, 2S, 3S) and wet prairie
sites (1P, 2P, 3P) and the last two digits represent sequential quadrat
number

values for certain major dominant species (e.g., Carex
stricta) and slightly higher species richness. The ordination of the wet prairie quadrats shows a much more
scattered and variable pattern due to their lower and more
variable percent cover values for the major dominant
species. Wet prairie site 1 shows the least scatter and plots
closest to the sedge meadow quadrats. In contrast, Wet
prairie site 3 exhibits the greatest variability and plots
furthest from the sedge meadow quadrats. These results
are consistent with a hydrologic driver. Sites with wetter
conditions (left half of axis 1) favor more homogeneity in
major dominant plant species (e.g., the predominance of
Carex stricta in sedge meadow sites) because there is a
smaller number of possible dominant species able to
tolerate longer periods of inundation and saturation on
these sites. Less homogeneity in major dominant plant
species (larger scatter in Fig. 5) was observed in the wet
prairie sites because there are a larger number of possible
plant species available to compete for dominance when
the period of inundation and saturation is reduced (right
half of axis 1).

Soil results
Hydric soil indicators were identiﬁed in accordance with
the NRCS list of hydric soil ﬁeld indicators (NRCS 2006)
at each of the three sedge meadow sites and the three wet
prairie sites (Table 3). The four most common indicators
observed are surface accumulations of organic matter
(A10: 2 cm muck) found in sedge meadow site 2S and
wet prairie sites 1P and 2P; histic epipedons (A2) found in
sedge meadow site 1S and wet prairie site 1P; stratiﬁed
layers (A5) found in sedge meadow sites 1S and 2S; and
DOI 10.1007/s10040-008-0345-7
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Table 3 Summary of soil proﬁles and hydric indicators
Site

Depth (cm)

Texture

Munsell color

1P

0–15
15–63
0–20
20–31
31–41
41–63
0–13
13–15
15–26
26–63
0–5
5–16
16–37

Sapric muck w/ stripped sand
Fine and medium sand
Sapric muck w/ 2% sand
Sapric muck w/ 3 mm strata sand
Sand w/ 3–18 mm strata muck
Sand w/ 3 mm strata muck
Silt loam
Silt loam w/ stripped sand
Fine sandy loam
Loamy ﬁne sand
Sapric muck/mucky sand
Sapric muck w/ 3 mm strata sand
50% stratiﬁed Sapric Muck
50% sand
Fine sand w/ 3–6 mm strata muck
Silt loam
Loam
Mucky ﬁne sand
Fine sand

N 2.5/0
10YR 5/3
N 2.5/0
N 2.5/0
10YR 4/2
10YR 4/2
10YR 2/1
N 2.5/0
10YR 4/2
10YR 4/3
N 2.5/0
N 2.5/0
N 2.5/0
10YR 5/2
10YR 4/2
10YR 2/1
10YR 3/1
N 2.5/0
10YR 4/6

1S

2P

2S

3P
3S

37–63
0–28
28–63
0–23
23–63

Other features

Hydric indicator
A2, A10, S1, A16

Redox masses (7.5YR 4/6)
A2, A5
Sand (10YR 5/2)
Redox masses (7.5YR 4/6)
Redox masses (7.5YR 4/6)
A10
Redox masses (7.5YR 4/6)
Redox masses (7.5YR 4/6)
A5, A10
Sand (10YR 4/2)
Redox masses (7.5YR 4/6)
A4, A11
S1

A2 histic epipedon; A4 hydrogen sulﬁde; A5 stratiﬁed layers; A10 2 cm muck; A11 depleted below dark surface; A16 coastal prairie redox;
S1 sandy mucky mineral
Note: The A16 indicator is currently being tested as a hydric soils indicator in the Great Lakes Basin

sandy mucky mineral (S1) found in sedge meadow site 3S
and wet prairie site 1P. Wet prairie site 3P had the A4
(Hydrogen sulﬁde) and A11 (depleted below dark surface)
indicators present during June 2004 when the site was
inundated by approximately 10 cm of water. However, the
A4 indicator usually disappears when the water level
recedes and aerobic conditions develop in the soil column
as the growing season progresses. Therefore, during the
drier periods of the growing season, this site would be
classiﬁed as containing a hydric soil based on the single A11
indicator. Other indicators observed within the study area
include the distinct reduction oxidation concentrations (A16:
coastal prairie redox, formerly called TS5: Chroma 3 sandy
redox) found in wet prairie site 1P. Location 1 (sites 1P and
1S) and location 2 (sites 2S and 2P) exhibit the only
consistent pattern of hydric soil indicators–the accumulations of organic matter in the surface layer (A2 and A10,
respectively)–within the study area.

Results of water level measurements
Depths to water in the six water-table wells and three
piezometers (Fig. 6) are shown along with daily precipitation, land surface (grade), and root zone (30 cm below
grade). Hand measurements from the water-table wells
(not included in Fig. 6) show good agreement with data
from sensors throughout the study period. The spiky
pattern of water-level ﬂuctuation for each of the six watertable wells suggests these wetland sites respond rapidly to
precipitation input and evapotranspiration losses. Overall,
the water levels measured indicate that during the latter
portion (July through September) of the growing seasons,
when the potentiometric surface is lowest, the water table
is below the root zone at each of the six sites. This
demonstrates potential problems for evaluating the required hydrologic criteria for wetland delineation at these
Hydrogeology Journal (2009) 17: 215–228

locations if delineation visits were only conducted during
the later part of the growing season.
The 2004 water levels are generally higher than 2003
water levels, corresponding to greater precipitation in that
year. The 2005 water levels decline steadily during the
growing season due to evapotranspiration losses and ﬂow
from the root zone to the deeper groundwater system not
being offset by precipitation. Water levels from piezometers at locations 1 and 2 closely match with water levels
in the water-table wells but do not show good agreement
at location 3. This difference between the locations can be
explained by assessing the local geologic conditions and
their effect on groundwater ﬂow. Similar subsurface
lithologies occur at locations 1 and 2 with both exhibiting
sand overlying clay (Fig. 4). The screen intervals indicate
that the lower portions of water-table wells are within the
same sand water-bearing zone as the piezometers. At
location 3, the piezometer is screened in a thin gravel zone
while the water-table wells are screened in stiff clay and
locally separated from the piezometer screen by about 2 to
2.5 m of clay. The observed subsurface stratigraphy and
disparate groundwater elevations suggest that the watertable wells and piezometer at location 3 measure two waterbearing zones that are not in good hydraulic continuity.

Evaluating evapotranspiration effects on the water
table
Depths to water in the six water-table wells, normalized to
the beginning water level measured in each time series,
were analyzed over 2-day periods during the summer of
2003 (18–19 July), winter of 2004 (18–19 January), and
summer of 2004 (17–18 July) to assess evapotranspiration
effects on the dynamic response of the water table (Fig. 7).
Values in parentheses indicate the actual depth to water at
the beginning of the plot. Water levels decline signiﬁcantDOI 10.1007/s10040-008-0345-7
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Fig. 6 Hydrographs of water-table wells and deep piezometers along with daily precipitation for the period April 2003 through October
2005. Growing seasons 2003, 2004, and 2005 indicated with shading

ly (3–8 cm) from sunrise to sunset on 18 and 19 July 2003
(Fig. 7a). The declining water levels are coincident with
increasing air temperature, which is consistent with
increases in the evapotranspiration rate. During the
evenings of 18 and 19 July 2003, while air temperatures
decline; however, water levels are characterized by a
modest water level rebound. During the non-growing
Hydrogeology Journal (2009) 17: 215–228

season, water levels do not change appreciably (Fig. 7b),
with exception of a gradual increase (up to 3 cm in MW3S) that is likely in response to 0.56 cm of precipitation on
17 January 2004. The July 2003 declining pattern was
also observed during July 2004 (Fig. 7c), but the water
level decline (1–10 cm) is much less consistent between
the six wells. The decline in water levels only during
DOI 10.1007/s10040-008-0345-7
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Fig. 7 Normalized hydrographs of water-table wells along with air temperature for selected 48-h periods to represent a summer 2003, b
winter 2004, and c summer 2004. Values in parentheses indicate vertical adjustment of water depth to normalize hydrographs for evaluation
of evapotranspiration. Non-daylight periods are indicated with shading

daylight hours (a diurnal effect) in both summer of 2003
and 2004 indicates that evapotranspiration is drawing
down the water table in these wells. The modest water
level rebound during the night periods shows that
groundwater ﬂow into the wetland is not a dominant
source of water to these drier wetlands.
The relation of sedge meadow to wet-prairie drawdown
was not consistent among the sites, and likely reﬂects the
superposition of a similar evapotranspiration sink on the sitespeciﬁc rates of groundwater outﬂow due to local differences
in aquifer properties between the sites. For example, local
differences in hydraulic conductivity are likely limiting the
groundwater outﬂow, and thus water level change, at MW3P (location 3 where the clayey substrate exists) compared to
the other sites (Fig. 7). In addition, there may also be
differences in the speciﬁc yield of the shallow wetland
sediments at the sites, which would result in different water
level changes for the same water loss. The relation of the
2003 response to the 2004 response appears to be related to
air temperature. The maximum temperature difference
Hydrogeology Journal (2009) 17: 215–228

between sunrise and sunset for the 2 days in July 2004
was much less (9 and 19°C) than for the 2 days in July
2003 (16 and 32°C), which likely accounts for the
difference in water-table drawdown between these two
growing season periods (Fig. 7).

Root zone residence time and high water level
characterizations
Following the method described by Hunt et al. (1999),
each well hydrograph was analyzed to determine the
contiguous periods of time where the water level was at or
above the root zone, deﬁned as 30 cm below ground surface,
during the growing seasons. This method incorporates the
small-scale temporal ﬂuctuations that can play a signiﬁcant
role in the wetland hydrology and is more consistent with the
characteristic hydrologic thresholds presented by the National Research Council (1995). The resulting series of
residence times (points), which represent a period of time
that the water level was continually in the root zone, and a
DOI 10.1007/s10040-008-0345-7
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continuous lognormal distributions (lines) ﬁt to the residence times for each of the six wetland sites are represented
as cumulative probability plots (Fig. 8).
The misﬁts between the ﬁtted lognormal distributions
and the residence time data that are typical for this study
are generally larger than that seen by Hunt et al. (1999).
The authors attribute this larger misﬁt to the difference in
dominant source of water to the wetland. Hunt et al.
(1999) monitored sites that were primarily groundwaterdominated wetlands (Hunt et al. 1996)—conditions where
lognormal distributions curves ﬁt the residence time distributions much better. The drier wetland sites studied here,
however, are primarily precipitation-dominated wetlands
with little of the smoothing effects of continuous groundwater ﬂow. Indeed, rather than a smoothing source of water,
groundwater is serving as an additional sink of water from
the root zone for these drier wetland types. It is likely that
the lack of appreciable groundwater inﬂow, the presence of
an additional groundwater sink at depth, an evapotranspi-
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ration sink near surface, along with the stochastic nature of
climatic inputs, add sufﬁcient variability to the signal such
that it is more skewed than the lognormal distributions used
in Hunt et al. (1999). This suggests additional distributions
or summary statistics (such as those discussed below)
might help generalize the goal of the Hunt et al. (1999)
approach to drier wetland systems.
Because high-density, long-term water level data were
available, an evaluation of one wetland hydrology
criterion can be directly calculated. The longest durations
of water levels in the root zone were observed in the early
growing season, and demonstrate that each of these drier
wetland sites meet the United States regulatory requirement of continuous soil saturation (measured water table
within 30 cm of the land surface) during 5% of the
growing season (approximately 10 days for 202-day
growing season) according to the US Army Corps of
Engineers Wetlands Delineation Manual (USACE 1987).
The median duration periods calculated by the root zone
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Fig. 8 Cumulative probability distribution of contiguous inundation for the 2003 growing season hydrographs. The plots show the
residence time (points) and the corresponding lognormal distributions (lines)
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distributions provide an indication of the dominant length
of inundation for each site, and had utility for discriminating between the sedge meadow and wet prairie plant
communities. For each pair at the three locations, the wet
prairie site consistently had a shorter median duration time
(0.1, 0.1, 0.04 days) than the sedge meadow sites (0.4,
1.8, 0.3 days; Fig. 8). This ﬁnding is consistent with Reed
(2002), who noted a similar difference in moisture
gradient under the prairie-, calcareous-, and sedge-fen
plant associations in southeastern Wisconsin. It is interesting to note that shorter duration high-water events
(expressed by the median duration values shown in Fig. 8)
appear to have an effect on the type of plant community in
these drier wetlands; the longer duration high-water
conditions that affect hydric/non-hydric soil development
and hydrophytic/non-hydrophytic plant hydrologic criteria
are commonly the regulatory metric of interest.
As an alternative to the relatively labor intensive rootzone residence curves, the water level data were also
evaluated using two summary statistics that Henszey et al.
(2004) identiﬁed as having utility for discriminating
between plant communities in Nebraska: the 7- and 10day moving average high water level. In addition to general
information about the magnitude of high-water levels,
Henszey et al. (2004) noted that the n-day moving averages
can be associated with a speciﬁc date. Thus, Table 4
provides a summary of the 7- and 10-day moving average
high water levels calculated using the 30-min water level
data, and the associated date. Moving averages could not
be calculated in piezometers MW1-S and MW2-S for 2005
due to missing data resulting from equipment malfunction.
The moving averages did not appear to separate the two
plant communities at the Wisconsin study sites (Table 4),
but did demonstrate that both wetland types had high water
levels during early portions of the three growing seasons

(Table 4). Because 5% of the growing season is equal to
10 days in this area, the results of the 10-day moving
average high water level suggest that each of the six sites
meets the wetland hydrology criterion—even during the
dry precipitation and low lake-level conditions of 2003 and
2005. This underscores the importance of site visits early in
the growing season for observing wetland hydrology in
these drier wetland types. However, the high water level
cannot be used directly for wetland hydrology determinations without reporting the minimum water level during the
same 10-day period because the current United States
regulatory requirement is for continuous duration—a
feature of the water level data that cannot be ascertained
by the average high-water level statistic alone.

Implications for seasonal wetland delination
Although this study focused on a wetland system in the
United States and its relation to the regulations therein, the
fundamental issue of characterizing drier-type wetlands is
not restricted to just the United States or regulatory requirements. Wetland structure and function are important on the
landscape due to unique processes associated with their
different plant communities, soil properties, and hydrologic
regime. Thus, wetland delineations, which are important for
identifying and protecting wetlands, are determined by plant
community, soil, and wetland hydrology criteria. A notable
difference between these three criteria is that plant communities and soil characteristics integrate the site conditions
over a period of time, whereas wetland hydrology evaluations are a “snapshot” of the conditions at the time of the site
visit. This snapshot may or may not be representative of the
conditions that are reﬂected in the time-integrated plant and
soil characterizations. The result of this disparity is that a

Table 4 Summary of 7-day and 10-day moving averages
Piezometer
identiﬁcation

Growing
season

MW1-P

2003
2004
2005
2003
2004
2005
2003
2004
2005
2003
2004
2005
2003
2004
2005
2003
2004
2005

MW1-S
MW2-P
MW2-S
MW3-P
MW3-S

7-day average high
water (cm bg)

10-day average high
water (cm bg)

−5.39
−1.26
−27.94
−13.02
2.39
NA
2.38
8.43
2.83
6.14
25.44
NA
−5.42
10.10
−2.22
−7.14
2.16
−9.28

−6.29
−3.35
−28.3
−15.08
0.91
NA
1.78
7.49
−0.03
5.73
23.64
NA
−5.89
9.30
−3.13
−8.28
1.32
−10.13

7-day average high
water date

10-day average high
water date

5/12/03
5/25/04
5/20/05
5/16/03
5/25/04
NA
5/16/03
6/16/04
6/16/05
5/16/03
5/28/04
NA
5/11/03
6/16/04
4/14/05
5/10/03
6/16/04
4/14/05

5/25/03
5/24/04
5/21/05
5/24/03
5/27/04
NA
5/15/03
6/18/04
6/19/05
5/17/03
5/28/04
NA
5/17/03
6/18/04
4/14/05
5/15/03
6/19/04
4/14/05

Notes:
Positive high water values indicate water above grade
NA not available; cm bg centimeters below grade
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delineation performed in the middle or later growing season
may ﬁnd it difﬁcult to identify obvious regulatory indicators
of wetland hydrology (such as speciﬁed in USACE 1987),
even though the plant communities and soils are consistent
with wetland hydrology occurring at the site. This can be
expected to typify seasonal wetlands that in most years have a
period during the growing season in which they appear dry. In
addition, the relation of the root zone to the larger
groundwater system can be variable in space and time.
Because groundwater outﬂows are controlled by the strength
of the vertical gradient, regional declines in water table due to
drought and low lake levels (SEWRPC 2004), or pumping,
can be expected to manifest themselves in the wetland
hydrology even if groundwater is not a dominant source of
water to the wetland. Moreover, spatial and temporal
variability suggest the need for insight into the deeper
groundwater system in addition to the shallow root zone
water levels commonly collected. This is especially true in
the drier wetland types. Unlike the more spatially homogeneous groundwater inﬂow-dominated wetlands, the vertical
hydraulic gradients that control groundwater outﬂows can be
more heterogeneous due to local mounding under the
wetlands as a result of changes in local sediment properties.
Although extensive water level monitoring of shallow
and deep groundwater systems over multiple years
conducted during this study is not practical for the
majority of wetland delineations or evaluations, it demonstrates that even in drier wetland types such as wet
prairie and sedge meadow that wetland hydrologic
conditions do occur, but early in the growing season.
Moreover, the documentation of wetland hydrology in
these seasonal wetlands is also notable because the study
period included periods of low annual precipitation and
relatively low levels in the Great Lakes of the United
States. Given the documented wetland hydrology under
these conditions, wetland delineators should feel comfortable using professional judgment and the ﬂexibility
provided by regulatory manuals and guidance documents
(such as those associated with USACE 1987) for wetland
hydrology criteria determination in these seasonal wetlands. That is, even if the obvious indicators of wetland
hydrology are not present during a site visit, the use of
secondary indicators (e.g., FAC-neutral test, mapped soil
survey data in USACE 1987) and the provisions allowed
for “seasonal wetland” in USACE (1987) will help ensure
that the wetland site condition that is documented by the
soils and vegetation are reﬂected in the hydrology
reported for that site. Accordingly, this ensures that when
the plants and soils indicate it is a wetland, the wetland
hydrology at the site is also properly characterized.

Conclusions
There are ﬁve primary ﬁndings from this work:
– Seasonal wetlands often appear dry for most of the
growing season, but at the six sites investigated here,
they met the United States regulatory wetland hydrolHydrogeology Journal (2009) 17: 215–228

–

–

–

–

ogy requirement of soil saturation for 5% of the
growing season—a notable observation given the study
period was characterized by below average precipitation and historically low levels in the Great Lake. The
early growing season, when evapotranspiration is
relatively small, is the period when this wetland
hydrology criterion was met.
Of the two types of wetlands characterized in this
work, wet prairies had shorter periods of continuous
soil saturation than sedge meadows. Given the similar
leaf area densities between the two plant community
types, it is likely that the difference results from
differences in groundwater outﬂow rates from the
wetland root zones.
Unlike the groundwater dominated-wetlands of Hunt et
al. (1999) where the root-zone residence times were
characterized by a lognormal distribution, root-zone
residence time data from the more precipitation dominated wetlands of this study did not ﬁt a lognormal
distribution. This suggests root-zone residence time
approach may have to be generalized to include other
distributions or summary statistics in drier wetlands.
The 7- and 10-day high water level average statistics of
Henszey et al. (2004) were a less labor-intensive
approach to processing water-level data, but were not
as effective at discriminating between the sedge
meadow and wet prairie communities studied in this
work. This type of high-water level approach may be
superior to the root zone residence time for wetland
delineation because it is more straightforward and easy
to calculate. However, this statistic would have to be
reported with the minimum water level during that
period to ensure that water levels in the root zone were
continuous during 5% of the growing season. Indeed,
minimum water levels were appreciably affected by a
substantial diurnal evapotranspiration signal that was
superimposed on a less variable groundwater sink.
When evaluating overall wetland hydrology, the sinks
of water are as important as sources of water. Small
differences in groundwater outﬂow rates can tip the
balance and make a root zone slightly more or less wet,
which in turn affects the resulting vegetation community. In addition, groundwater sinks can link a wetland
to stresses in the regional groundwater system even if
groundwater is not a dominant source of water to the
wetland. In this work, declines in Great Lake levels
lowered regional groundwater levels near the lake,
which in turn were thought to enhance groundwater
outﬂows from the wetland.
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